Although strokes are the smallest identifiable units in Chinese words, the fact that they are often embedded within larger units (i.e., radicals and/or characters that comprise Chinese words) raises questions about how and even if strokes are separately represented in lexical memory. The present experiment examined these questions using a gaze-contingent boundary paradigm (Rayner, 1975) to manipulate the parafoveal preview of the first of two-character target words. Relative to a normal preview, the removal of whole strokes was more disruptive (i.e., resulting in longer looking times on targets) than the removal of an equivalent amount of visual information (i.e., number of pixels) from strokes located either in similar locations or throughout the entire character. These findings suggest that strokes are represented as discrete functional units rather than visual features or integral parts of the radicals/characters in which they are embedded. We discuss the theoretical implications of this conclusion for models of Chinese word identification.
The compositional role of individual letters in the mental representation of printed words in English and other alphabetic writing systems is widely accepted, as demonstrated by the fact that all existing computational models of word identification make explicit theoretical assumptions about how letters are combined to access other lexical information from memory (e.g., Davis, 2010; Gomez, Ratcliff, & Perea, 2008; Whitney, 2001) . What remains less clear, however, is whether or not, in written Chinese, the individual strokes (so named because Chinese was historically written using a brush and ink) that comprise words play a similar role and thus similarly represented in the lexicon. This question arises because, in contrast to alphabetic writing systems, where words are composed from linear arrays of letters, Chinese words are composed of one to four characters (see Figure 1 ) that are themselves usually composed of one to 36 strokes. These strokes are often also arranged into clusters called radicals that can convey semantic or phonological information, and it is because of this two-dimensional, hierarchical structuring of Chinese words that empirical efforts to understand how they are represented in memory have yielded mixed results about both the relative importance of strokes (e.g., as compared with radicals) and how they might be represented in the lexicon (for empirical and theoretical reviews, see respectively .
For example, early studies examined the role of strokes by manipulating their number, with the rationale being that, if the number of strokes influences how characters are recognized, then strokes are likely represented in the mental lexicon. Although such effects of stroke number have been reliably found in characteridentification tasks, the number of strokes is often confounded with both the number of radicals (i.e., characters with many strokes often contain multiple radicals; Liu, Shu, & Li, 2007) and other factors (e.g., degree of visual crowding of strokes within characters; Yu, Zhang, Priest, Reichle, & Sheridan, 2018) .
Another method that has been used to demonstrate the mental representation of strokes comes from an eye-movement experiment reported by Yan et al. (2012; see also Tseng, Chang, & Wang, 1965) . In this experiment, 15%, 30%, or 50% of the strokes were removed from target characters, with the removed strokes being those that: (a) are normally written early when a character is written; 1 (b) are normally written later in a character; and (c) do not contribute to the overall "envelop" or shape of a character. The key finding was that, with 30% or more of the strokes being removed, the removal of the early strokes was more disruptive than the removal of the later strokes, and with the removal of shape-preserving strokes being the least disruptive. (Flores d'Arcais, 1994 , observed a similar processing advantage for early compared with later strokes in characteridentification tasks.) This suggests that strokes are represented in the lexicon, but perhaps to varying degrees, with earlier-written strokes being more important than internal or later-written strokes-similar to what has been shown with English, where the initial letters of a word are more important for word identification than internal or ending letters (Rayner, White, Johnson, & Liversedge, 2006; White, Johnson, Liversedge, & Rayner, 2008) .
This conclusion, however, has been questioned on the basis of counter evidence. For example, three studies have examined the possible differential weighting of information in the representation of Chinese characters by removing fragments from characters rather than individual strokes (e.g., removing " " or " " from the character " "; Liu, 1983; Peng, 1982; Tsao & Wang, 1983) . These studies collectively show that removing fragments from the left and/or upper parts of characters is more disruptive to their identification than removing fragments from the right and/or lower parts. Expanding upon this finding using an eye-movement study, Wang et al. (2013) used a visual-redundancy metric to remove character segments of varying levels of informativeness. Perhaps not surprisingly, reading was more disrupted by the removal of informative (nonredundant) segments, and these informative segments tended to be located on the left side of the characters. Possible explanations for these findings include the fact that, when reading from left to right, the left sides of characters are closer to the high-acuity center of vision and subject to less lateral interference from proximal strokes, and/or the upper-left quadrants/left sides of characters tend to have greater composability (i.e., are consistent with more possible characters; Peng, 1982) .
Given these incongruent findings, the main objective of the current experiment is to demonstrate the psychological reality of strokes as functional units in the identification of Chinese characters by directly comparing the effects of removing strokes versus informative fragments/segments from the same characters. In other words, the current experiment is intended to show that strokes are processed and represented as discrete, separable units rather than as sets of visual features or integral components of the radicals or characters in which they are embedded.
To do this, we used a gaze-contingent boundary paradigm (Rayner, 1975) where some type of preview of a target word is immediately replaced by the target as reader's eyes move across an invisible "boundary" located to the left of the target. In our variant of this paradigm, we manipulated the preview of the first character in twocharacter target words (see Figure 1 ). As Figure 2 shows, the preview was one of four types: (1) identical preview, the actual target character, providing a baseline against which to measure the possible effects of the other three previews; (2) stroke-removal preview, the target character with some number of the earliest-written strokes removed; (3) fragment-removal preview, the target character with same proportion of pixels removed from strokes in the left side or upper-left quadrant of the character; or (4) segment-removal preview, the target character with the same proportion of pixels removed, but from across all of the strokes in the character. These previews were intended to test two hypotheses. First, as Figure 3 shows, our primary interest was to know if removing strokes per se is more disruptive to reading than removing equivalent amounts of visual information from equally informative parts of the characters; we therefore predicted (H 1 ) longer fixations in the stroke-removal than fragment-removal condition, with the null prediction (H 0 ) being no difference between these two conditions. Of secondary interest was the hypothesis that removing visual information from informative locations would be more disruptive than removing equivalent amounts of visual information from whole characters; previous studies (e.g., Liu, 1983; Peng, 1982; Tsao & Wang, 1983) suggest that the fragment-removal con- This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
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MENTAL REPRESENTATION OF STROKES dition should produce longer fixations than the segment-removal condition.
Method Participants
Sixty-eight undergraduates with normal or corrected-to-normal vision from Henan Normal University took part in the experiment, which was approved by Institute of Education, Henan Normal University (Data from an additional 11 participants were collected but excluded from our analyses because they noticed the boundary changes four or more times).
Materials and Design
Sixty-eight single-radical target characters were selected to avoid any potential difficulty with interpreting our results. As illustrated in Figure 1 , there were four preview conditions: (1) identical preview; (2) stroke-removal preview, wherein early written strokes were removed from a character; (3) fragment-removal preview, wherein pixels from the left side or upper-left quadrant were removed; and (4) segment-removal preview, wherein the initial segment of each stroke in a character were removed. The same number of pixels were removed from Conditions 2-4 (assessed by Adobe Photoshop CS6) and the overall proportion of pixels removed from each character was ϳ30% to maximize the disruption caused by the manipulation (as per Yan et al., 2012) . To render the stroke-and fragment-removal conditions maximally dissimilar, the stroke fragments that were removed in the latter condition were selected from the left side or upper-left quadrant of the character, subject to the constraint that they were not the same (early written) strokes removed from the former condition. (This was verified using the RadicalLocator software; 2 see Yu, Reichle, Jones, & Liversedge, 2015) .
Sixty-four extra participants who did not participate in the eye-tracking experiment indicated how many characters could be generated from each of the previews in Conditions 2-4, with each participant experiencing all conditions but a given character only once using a Latin square design; on average, the original character was accurately reported 90% of the time, and 1.1 characters being generated across conditions, F(2, 203) ϭ 0.30, p ϭ .74.
All target characters were the initial characters of two-character target words, which were embedded near the middle of their sentence frames. Target plausibility and sentence naturalness ratings were collected from 15 subjects who did not participate in the eye-tracking experiment using a 5-point scale (5 ϭ plausible/ Figure 2 . Examples of the four preview conditions: (a) identical preview; (b) stroke-removal preview; (c) fragment-removal preview; and (d) segment-removal preview. The gray portions of the character are for illustrative purposes and correspond to the pixels that were removed to create each of the previews. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
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YU, XIONG, ZHANG, DRIEGHE, AND REICHLE natural); targets were rated as plausible (M ϭ 4.1 out of 5) and sentences as natural (M ϭ 4.0 out of 5). Fifteen additional subjects completed cloze norms on the target words; targets were unpredictable, only being guessed on average 1.4% of the time.
The preview conditions were counterbalanced across participants and items using a Latin square design so that each participant encountered all conditions as often but read each sentence only once.
Apparatus
Participants' eye movements were recorded by an SR Research EyeLink-1000 desktop eye-tracker with a sampling rate of 1,000 Hz. A chin rest was used to minimize participants' head movements. The display monitor was a NESO FS210A CRT monitor with a refresh rate of 120 Hz and a screen resolution of 1,024 ϫ 768 pixels. Sentences were displayed as Song font in black (RGB: 0, 0, 0) on a gray background (RGB: 150, 150, 150), with 36 pixels per character and a one-pixel gap between characters. The distance between the monitor and participant was approximately 75 cm, so that each character occupied ϳ1°of visual angle. Although viewing was binocular, only the participants' right eyes were tracked.
Procedure
Participants gave informed consent prior to their participation and were instructed to read sentences for comprehension. A threepoint horizontal calibration was used at the beginning of the experiment to ensure eye-tracking accuracy, with a maximum acceptable error of 0.4°(Mean Ͻ 0.2°). Prior to each trial, a drift-calibration dot appearing at the location of first character in the sentences, which was followed by a gaze-contingent trigger that participants needed to fixate for 20 ms to display the sentence. The participant then read the sentence at his or her own pace and pressed the space-key when done.
Each participant read 138 sentences consisting of 10 practice sentences, followed by 68 experimental sentences randomly interspersed with 60 filler sentences; 35% of the sentences were followed by yes/no comprehensive questions. Participants answered 89% of these questions correctly, indicating that they comprehended the sentences.
Results
Linear mixed models (LMMs) using the lme4 package (Version 1.1-12, Bates, Maechler, Bolker, & Walker, 2015) in R (R Core Team, 2016) were used to analyze the data. Two sets of contrasts were used in the analysis: (a) a treatment contrast with the identical-preview being treated as a baseline and three planned contrasts comparing it with each of the other preview conditions; (b) a sliding contrast comparing (1) segment versus fragmentremoval previews and (2) fragment versus stroke-removal previews to respectively assess the disruption caused by (1) removing strokes versus pixels and (2) removing left-side/upper-left quadrant pixels versus pixels from across the characters. Both participants and items were entered in the models as random effects, with the maximum random effects structure specifying intercepts and slopes for preview effects across participants and items (Barr, Levy, Scheepers, & Tily, 2013) . Absolute t-and z-values equal to or greater than 1.96 indicates significance using ␣ ϭ .05.
Four regions of interest were included in our analyses to fully assess the disruptions caused by removing strokes/pixels from characters: the pretarget word, the target character (i.e., the first character of the target word), the target word, and the posttarget word. Five dependent measures were calculated for each region: (a) first-fixation duration (FFD), or the duration of the initial first-pass fixation in a region; (b) single-fixation duration (SFD), or the duration of the first-pass fixation in a region that is fixated exactly once; (c) gaze duration (GD), or the sum of all first-pass fixations in a region; (d) go-past time (GP), or the sum of all Note. FFD ϭ first-fixation duration; SFD ϭ single-fixation duration; GD ϭ gaze duration; GP ϭ go-past time; PrS ϭ skipping probability. Standard deviations are in parentheses.
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fixations from the first fixation into a region until the eyes exit the region to the right (i.e., this measure includes any regressive fixations that exit a region to the left); and (e) skipping probability (PrS), the probability of a region being skipped. Although measures (a-c) are posited to reflect the early processing of a region, measure (d) may include fixations that drift back to prior characters due to the small visual angle (ϳ1°) of each character, and measure (e) likely reflects the parafoveal preprocessing of upcoming characters (Rayner, 2009 ). Prior to completing the analyses, all fixations shorter than 60 ms or longer than 600 ms were removed (4.0% of the data), as were fixations more than three standard deviations above the mean per participant for each measure, resulting in the loss of an additional 0.1%-2.1% of the data across measures. We also removed trials in which participants blinked while fixating a critical region (4.0% of trials), the display change was triggered prematurely (5.6% of trials) or required more than 10 ms to complete (5.3% of trials), or a saccade "hooked back" to the pretarget word after triggering the display change (3.4% trials). These exclusions left 3,779 trails.
Because the log-transformed data yielded a similar pattern of results as the untransformed data, the latter are reported for transparency. The means and standard deviations are shown in Table 1 , and the statistical models for target characters and words are shown in Table 2 .
Pretarget Words
On the pretarget words, first fixations (b ϭ Ϫ8.29, SE ϭ 4.00, t ϭ 2.08) and gaze durations (b ϭ Ϫ16.29, SE ϭ 5.72, t ϭ 2.85) were shorter with the segment-removal than identical preview ( Figure 4A ), producing a parafovea-on-fovea effect in which orthographic properties of a parafoveal word modulated fixations on a foveal (i.e., fixated) word. This pattern was not observed with the stroke-or fragment-removal previews, suggesting that the finding with the segment-removal condition was anomalous; although not predicted, this result is consistent with the hypothesis that irregular orthographic patterns "pop out," rapidly drawing the eyes away Note. LMM ϭ Linear mixed models; FFD ϭ first-fixation duration; SFD ϭ single-fixation duration; GD ϭ gaze duration; GP ϭ go-past time. Significant or marginally significant terms are presented in bold.
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Target Character
Consistent with our "pop out" account of the segment-removal preview, target characters in this condition were skipped less often than characters in the identical or fragment-removal conditions (marginally significant: b ϭ Ϫ0.17, SE ϭ 0.10, t ϭ 1.75; b ϭ 0.19, SE ϭ 0.10, t ϭ 1.97, respectively). This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
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None of the three preview conditions differed from the identical preview for first-fixation or single-fixation durations (all ts Ͻ 1.70). However, the stroke-removal preview was more disruptive than the fragment-removal preview, resulting in marginally longer first-(b ϭ 10.91, SE ϭ 5.94, t ϭ 1.84) and single-fixation durations (b ϭ 10.06, SE ϭ 5.75, t ϭ 1.75). This pattern was not significant with gaze durations (t ϭ 1.24) but was evident in go-past times (b ϭ 39.08, SE ϭ 17.64, t ϭ 2.22), with the overall pattern thus being consistent with the hypothesis that strokes are important functional units, and that their removal is more problematic for lexical processing than the removal of comparable amounts of visual information from strokes in similar locations (i.e., in the left side and/or upperleft quadrant of characters). Also consistent with this hypothesis is that both gaze durations (marginally significant, b ϭ 12.08, SE ϭ 6.31, t ϭ 1.91) and go-past times (b ϭ 49.38, SE ϭ 14.82, t ϭ 3.33) were longer for the stroke-removal than identical preview.
Finally, go-past times were also marginally longer in the fragment-removal than identical preview (b ϭ 26.89, SE ϭ 14.95, t ϭ 1.80), providing evidence for removing fragments from left side and/or upper-left quadrant of characters hinders their identification. No other differences were evident between the segmentremoval and either the identical preview or fragment-removal preview for any measure (all ts Ͻ 1.55).
Target Word
The fixation-duration measures on this two-character region exhibited a similar pattern as on the target characters ( Figure 4B) , with marginally inflated first and single-fixations durations in the stroke-removal relative to fragment-removal previews (FFD: b ϭ 6.68, SE ϭ 3.93, t ϭ 1.70; SFD: b ϭ 8.51, SE ϭ 4.52, t ϭ 1.88), and longer go-past times in the stroke-removal relative to identical previews (b ϭ 26.53, SE ϭ 11.91, t ϭ 2.23). However, the skipping rate was higher for identical previews than for strokeremoval previews (b ϭ Ϫ0.38, SE ϭ 0.13, t ϭ 3.05), segmentremoval previews (b ϭ Ϫ0.40, SE ϭ 0.13, t ϭ 3.22), and fragment-removal previews (marginally significant: b ϭ Ϫ0.22, SE ϭ 0.12, t ϭ 1.81).
4

Posttarget Word
No effects were observed on the posttarget words expect an elevated skipping rate following the segment-removal than identical preview (b ϭ 0.22, SE ϭ 0.11, t ϭ 2.01). We suspect that this finding may reflect the slight reduction of target-character skipping in this condition-that it may have afforded more parafoveal preview and thus more skipping of the posttarget word.
Discussion
In the present experiment, a boundary paradigm was used to examine the processing costs associated with removing individual strokes from characters, fragments of strokes from specific withincharacter locations, and segments of all within-character strokes. The first hypothesis addressed by this experiment concerns the basic representation of strokes in lexical memory: If strokes are represented in the lexicon, then the processing costs associated with their removal from preview should be greater than the processing costs associated with the removal of the same amount of information from fragments in similar locations (see Figure 3) . Consistent with the hypothesis, the stroke-removal preview caused more disruption to target characters/words processing than did the fragment-removal preview, as indexed by both longer first-and single-fixations durations in the former than latter condition, and by longer gaze durations and go-past times for the stroke-removal preview compared to the identical-preview condition.
However, prior analyses (see Wang et al., 2013; Yan et al., 2012) have suggested that the contour of the incomplete characters is highly correlated to how readily they can be recognized because characters with missing informative segments also have the lowest proportion of overlapping perimeters and vertices to their original characters. Therefore, to ensure that the observed disruption in the stroke-removal condition was actually due to the cost associated with the missing strokes per se, and not differences in the contours of the stroke-removal versus fragment-removal previews, we compared the convex perimeters (i.e., the perimeter connecting all of the vertices) of the stroke-removal versus fragment-removal previews; a paired t test indicated there was no difference between the two conditions, t(134) ϭ 1.19, p ϭ .23, consistent with our claim that the observed disruption was caused by removing representational units (i.e., of strokes) that are important for lexical processing rather than by, for example, reducing the informativeness of the remaining information.
Our experiment also examined the possible processing costs associated with different within-character locations by comparing the disruption caused by removing information from the left sides and upper-left quadrants of characters (i.e., fragment-removal preview) with the disruption caused by removing information from across whole characters (i.e., segment-removal preview). Unfortunately, our conclusions here are more equivocal because of the anomaly (i.e., reduced fixation durations) observed on the pretarget words in the segment-removal condition. In other words, the observed null effect between the fragment versus segment-removal previews on target characters/words may reflect a "trade-off" in which shorter pretarget fixations in the segment-removal condition afford less target-word preview, thereby inflating fixations on the target words in this condition.
Finally, it is worth noting that the current findings have theoretical implications for existing and future accounts of Chinese word identification (see . Foremost, our results are more consistent with models that postulate the representation of strokes as discrete functional units (e.g., Li, Rayner, & Cave, 2009 ) than models that do not (e.g., Perfetti, Liu, & Tan, 2005) . And this is not to say that strokes are represented in the lexicon as perceptual features; they instead function-at least in the context of single-radical characters-as orthographic units, similar to letters in alphabetic writing systems. Similarly, our results suggest that models require assumptions about the strokes being weighted differentially during processing, although whether 4 We also examined whether the removal of information from two character locations (i.e., left side vs. upper-left quadrant) in the fragmentremoval condition differentially affected our findings. Analyses based on the target-word data (ϳ1,000 trails for each location) suggested stroke removal was more disruptive to overall processing than the removal of fragments from either character location. This document is copyrighted by the American Psychological Association or one of its allied publishers.
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this is due to visual-acuity limits (e.g., Li et al., 2009) , the serial allocation of attention (e.g., Taft, Zhu, & Peng, 1999) , and/or other factors (e.g., the order in which strokes are normally written) remains unclear. Finally, considerable effort has been directed toward explaining how, in alphabetic language, the order of letters is encoded and represented in the lexicon (e.g., Davis, 2010) . We suspect that written Chinese will provide an informative arena for evaluating these competing hypotheses because of the inherent complexity of Chinese words (e.g., the fact that strokes are arranged along two spatial dimensions as compared to one for letters in alphabetic writing systems).
